The tribological behavior of graphene and graphite as additives in canola oil was investigated with a pin-on-disk tribometer. The wear surfaces of the aluminum pins lubricated with the additive-containing canola oil were analyzed by scanning electron microscopy (SEM). It was found that graphene and graphite as additives in oil show a lower coefficient of friction and wear rate in comparison with neat canola oil. The graphene sheets are more effective than graphite flakes to reduce friction and wear. In addition, there is a proper concentration where the coefficient of friction (COF) and wear are in minimum value. The optimal concentration of the additive in canola oil is about 0.7 wt %. Therefore, the load-carrying capacity and antiwear ability of the lubricating oil are improved. Moreover, the worn surface of aluminum pins is smother in the presence of solid lubricant rather than neat oil.
Introduction
Friction and wear are important issues for energy and materials loss in industry. To improve energy efficiency and mechanical durability, the conventional solution is lubricants to reduce friction and wear. Regardless of the surface finishing of materials, the surfaces contain ridges, valleys, asperities and depressions [1] . One of the major topics to be investigated in this field is improving performance of lubricants and chemical additives to enhance the effective operation of components or two surfaces in contact, and to ensure the lubricants are able to reach and maintain the desired mechanical efficiencies.
It is well-known that additives can improve the lubrication performance of lubricants. Quite recently, considerable attention has been paid to nanoparticles as additives in a base oil for tribology applications [2] [3] [4] . Current research on oil additives is focused on synthesis and preparation of nanoparticles and investigating the role of nanoparticles in tribological properties and the lubrication mechanism. The previous studies confirmed the findings of improving the extreme-pressure property and load-carrying capacity with the presence of nanoparticles in base oil. Thus, a significant reduction in the coefficient of friction and wear loss will be observed. Popular explanations of mechanisms of nanoparticle additives include (1) ball effect [5, 6] (2) tribochemical reactions [7, 8] ; and (3) adsorption film theory [9] . Using nanoparticles as an additive for lubricants is a rapidly progressing field of research because nanoparticles have superior properties in comparison with other materials due to their extremely small size and high specific surface area [10] [11] [12] .
There are several types of additives that can be categorized into two major types based on the materials' nature, hard ceramic particles and solid lubricants [13] . Amongst nanoparticles, the solid lubricants such as molybdenum disulfide (MoS 2 ) [14] and nano graphite [15, 16] dispersed in oil exhibited beneficial effects by reducing the friction and wear. Graphite and graphene were used to enhance the tribological properties of materials as reinforcement [17] [18] [19] or as oil additive [20, 21] . It is reported a layer of solid lubricant continuously forms on the tribo-surface, during dry sliding of the metal-graphite composites [22] [23] [24] . A composite reinforced with graphite particles at proper concentration has better tribological properties because graphite particles act as a solid lubricant on worn surfaces [25] [26] [27] , leading to graphite particles as an additive in oil [15, 20, 28, 29] . Lee et al. [15] separated graphite nanoparticles into industrial gear oil, and the results indicated graphite nanoparticles can improve the lubrication properties significantly. Huang et al. [20] used graphite nanosheets as an additive in paraffin oil to analyze the tribological behavior with a four-ball and pin-on-disk friction and wear tester. They proved that the graphite nanosheets as an additive in oil at proper concentration can improve tribological properties, load-carrying capacity, and antiwear ability, so as to decrease the friction coefficient. Aranganathan et al. [28] compared the effect of natural graphite (NG) and thermo-graphite (TG) contained in Non-Asbestos Organic (NAO) friction materials (FMs). The tribo-performance of TG-based FMs proved superior to NG-based ones excluding recovery performance.
Graphene platelets (GNPs) [29] are the fascinating fundamental component of graphite, and the excellent lubricative properties of graphite have been examined. When the thickness of GNPs increases in several layers, the frictional force between an Atomic Force Microscopy (AFM) tip and graphene decreases and is independent of a substrate [30] . A very low friction coefficient and high-pressure resistance of graphene make it be a prospective reinforcement for lubricant and antiwear coatings [31] [32] [33] [34] . Recently, GNPs as additives in base lubricants became a hot research subject. Eswaraiah et al. [21] manufactured Ultrathin graphene-based engine oil nanofluids, and observed reduction in frictional coefficient. They also found the frictional characteristics and wear scar diameter increases with the increase in the concentration of graphene. Arwin and Rashmi [35] determined using GNPs as an additive for two different biolubricant base stocks resulted in the reduction of the coefficient of friction and a negative effect at a higher temperature. Some experiments showed the modification of GNPs can improve the dispersion of graphene platelets in base oil, the wear resistance and load-carrying capacity of the machine, while reducing the resistance to shear and wear scar diameter [16, 36, 37] .
In the present work, the graphite and graphene were mixed with canola oil, and the tribological properties of the graphite and graphene as a lubricating additive in canola oil were investigated.
Experimental Works
The test specimen for the tribological experiments was aluminum 2024 which is commonly employed in tribological applications (for example, in motor engines and pistons). The aluminum 2024 hardness, as determined with a Vickers, was 142 ± 3. Aluminum cylindrical sliders (6 mm diameter with hemispherical tip) with a flat aluminum disk counterface (55 mm diameter and 10 mm thickness) were prepared to assess the friction and wear properties using a control lubricant with a different type of carbon additives. The disk was abraded by 220 sandpaper and the initial surface roughness parameter (S a ) of the disk was 14.26 µm. The lubricant selected for this study was a canola oil (also known as rapeseed oil) with a viscosity index of 126. Due to good lubricity properties, canola oil is a popular lubricant for tribological investigations. It is required to study the beneficial effects of additives for canola oil under boundary conditions [38, 39] .
In the current investigation, commercially available graphite and graphene, Nano19 graphene nanoplatelets (GNPs) and 4506 Graphite (Asbury Carbons Inc., Asbury, NJ, USA) were selected as oil additives. The average thickness of graphene and graphite was approximately 10 nm and 25 µm with an average platelet diameter of approximately 5 µm. All particles were added (in several additive weight fractions) to the canola oil and stirred with three different methods to find the optimum mixture methods. One of the important factors for oil and additive performance is to have a well-dispersed Lubricants 2019, 7, 25 3 of 13 mixture such that its composition is considered homogenous and keep it well-dispersed during the tribology test. The three methods of mixing were (1) shaking for 20 min at room temperature, (2) using an ultrasonic mixer (UM) for 2 h at 60 • C [40] , and (3) shaking and then using an ultrasonic mixer as explained in (1) and (2) . The results exhibited that the mixture of oil-carbon prepared by ultrasonic mixture had more stability and will be discussed in a succeeding explanation. To ensure appropriate lubricant compositions, the tribological tests were conducted immediately after preparation of the oil mixtures. All sliding friction and wear experiments were conducted with pin-on-disk at room temperature. The pin was a hemispherical cap of radius of 3 mm. The test conditions were as follows: 10 N applied load with a contact pressure of 700 MPa; sliding speed, 20 mm/s; and sliding distance, 1500 m. These conditions resulted in a severe boundary condition. Investigating the lubrication regime for the following experiments is an important preliminary step when characterizing the friction mechanisms between the pin and the disk surfaces. This can be achieved by utilizing the elastohydrodynamic minimum film thickness equation developed by Hamrock and Dowson, which is applicable in many material combinations for a variety of contact geometries including point contact of a hemisphere on a flat surface and the geometry for the pin-on-disk testing. The numerically derived formula for the minimum film thickness is expressed in the following form:
where h 0 is the minimum film thickness (m); U is the entraining surface velocity (m/s) (i.e., U =
, where the subscripts 'a' and 'b' refer to the velocities of bodies 'a' and 'b' respectively); η 0 is the viscosity at atmospheric pressure of the lubricant (Pa s); E is the reduced Young's modulus (Pa) (i.e.,
where ν is Poisson's ratio and E is Young's modulus for the respective pin and disk specimen); R' is the reduced radius of curvature (m) for a pin on flat (i.e.,
where R a is the radius of curvature for the pin in the x and y directions); A is the pressure-viscosity coefficient (m 2 /N) (i.e., α = (0.6 + 0.965 log 10 η 0 ) × 10 −8 ); w is the normal load (N); and k is the ellipticity parameter defined as k = a/b, where 'a' is the semiaxis of the contact ellipse in the transverse direction (m) and 'b' is the semiaxis in the direction of motion (m). However, in this calculation the value of the ellipticity parameter for point contact was k = 1.
In the present experimental conditions, the pin tip radius was 3 mm, the sliding speed was 20 mm/s, and the normal load was 10 N. Hamrock and Dowson's elastohydrodynamic film thickness equation predicted a minimum film thickness ratio of 5.1 × 10 −6 or less. These values were significantly less than unity and place the current experimental investigation in the boundary lubrication regime. It can be inferred that for the variety of testing conditions presented in this experimental study, the lubricating regime will remain in the boundary lubrication. Each test lubricant was tested on the tribotester for a minimum of three trials to validate friction and wear performance of the test lubricant.
The worn surface was explored with a 3D optical microscope and an optical microscope. Additionally, Scanning Electron Microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDX) (Hitachi S-4700, Tokyo, Japan) were employed to analyze the worn surfaces to understand the topographical features, the chemistry of worn surface and the underlying lubrication mechanisms after the tribological tests.
The coefficient of friction (COF) values are the average friction value for each test, averaged for the set of three trials. In addition, the vertical displacement of the pin was recorded by a linear variable differential transducer (LVDT) with an encoder. Therefore, the linear wear-loss was calculated, and can be converted to a volumetric wear loss (V, mm 3 ) by using Equation (1) derived from the geometry of a spherical cap: where h is the vertical linear displacement (mm) for the pin and r is the pin radius (mm), which is assumed to be constant. During each of the tests the surface of the disk was partially submerged by the nanolubricant mixture, thereby continually lubricating the pin-disk interface throughout the duration of the test. The pin and disk specimens were cleaned before and after each test using an ultrasonic cleaner with hexane solutions.
Results and Discussions

Dispersion Stability
All three methods showed a good dispersion appearance of particles into the oil. Figure 1 illustrates the dispersion of 0.2 wt % graphene into the oil. Observations of the experiments revealed that after one day of mixing, the shaking then UM mixing method started settling the particles from the top while the two other methods were still well dispersed (Figure 1b) . After five days, the settlement of particles was observed in the shaking method while the ultrasonic mixing methods were still homogenized ( Figure 1c ). After 13 days, most of the graphene particles had settled to the bottom of the containers for shaking and shaking then UM mixing methods even though graphene tended to settle at the container bottom for the ultrasonic mixing method (Figure 1d) . Therefore, the ultrasonic mixing method for 2 h at 60 • C was selected to use for mixing due to increased stability of dispersion of solid lubricant particles. During each of the tests the surface of the disk was partially submerged by the nanolubricant mixture, thereby continually lubricating the pin-disk interface throughout the duration of the test. The pin and disk specimens were cleaned before and after each test using an ultrasonic cleaner with hexane solutions.
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All three methods showed a good dispersion appearance of particles into the oil. Figure 1 illustrates the dispersion of 0.2 wt % graphene into the oil. Observations of the experiments revealed that after one day of mixing, the shaking then UM mixing method started settling the particles from the top while the two other methods were still well dispersed (Figure 1b) . After five days, the settlement of particles was observed in the shaking method while the ultrasonic mixing methods were still homogenized (Figure 1c ). After 13 days, most of the graphene particles had settled to the bottom of the containers for shaking and shaking then UM mixing methods even though graphene tended to settle at the container bottom for the ultrasonic mixing method (Figure 1d) . Therefore, the ultrasonic mixing method for 2 h at 60 °C was selected to use for mixing due to increased stability of dispersion of solid lubricant particles. 
Tribological Performance
The COF results showed that adding solid lubricant improved COF as expected, as shown in Figure 2 . The high value of COF for neat canola oil resulted from a large real contact area of the mating surface. This improvement in reduction of COF of lubricants in presence of solid lubricants (graphite and graphene) can be attributed to the layered structure of graphite and graphene due to their lubrication nature. In addition, during contact between two solid surfaces, ultrathin graphene entrapped between mating surfaces can fill up the micro-and nano-gaps of the rubbing surfaces. Consequently, a tribolayer will form on the worn surfaces and can reduce the direct contact of the two surfaces, resulting in the improved COF. The nanoparticles usually form a thin transfer layer on the surface of the tribocontacts that is able to support partial hydrodynamic forces, reducing surfaceto-surface contact of the asperities resulting in less friction, wear and surface damage. It can be concluded that adding graphene particles into oil is more effective than graphite particles for improving COF. This matches previous results as shown by Marchetto [33] where graphene particles have a lower COF than graphite particles due to the ultimate mechanical strength [21] . When comparing graphite and graphene, it should be considered that graphene is thin layers (i.e., platelets) 
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Surface characterization of samples showed some black spot on the contact surface for both samples in lubrication condition with adding graphite and graphene (Figure 3 ). These were graphite and graphene particles that are good evidence for reduced real contact area between pin and disk. Consequently, the reduction of the COF in presence of additives was attributed to this phenomenon. As expected, adding solid lubricant to oil can improve the wear rate of aluminum (Figure 4) . Also, oil/graphite had a higher wear rate than oil/graphene because the graphite particles were bigger than the graphene and acted as third body abrasive particles. In addition, when the graphite was compared to graphene, graphite could not easily penetrate into the sliding surfaces, so graphite's effect to improve antiwear properties was lower than that of graphene. In other words, the graphene improves antiwear properties more than the flake graphite. Furthermore, the same trend for wear rate was observed as 0.7 wt % graphene showed a lower wear rate. Improvements at this optimum percentage of 0.7% was 83%. As expected, adding solid lubricant to oil can improve the wear rate of aluminum (Figure 4) . Also, oil/graphite had a higher wear rate than oil/graphene because the graphite particles were bigger than the graphene and acted as third body abrasive particles. In addition, when the graphite was compared to graphene, graphite could not easily penetrate into the sliding surfaces, so graphite's effect to improve antiwear properties was lower than that of graphene. In other words, the graphene improves antiwear properties more than the flake graphite. Furthermore, the same trend for wear rate was observed as 0.7 wt % graphene showed a lower wear rate. Improvements at this optimum percentage of 0.7% was 83%.
Lubricants 
Surface Analysis
The SEM images of the worn surface exhibited the distribution of graphene and graphite particles on the rubbing surface, as shown in Figure 5 . The spots marked with red are graphite and graphene particles that formed a lubricant film. To confirm that these spots contain graphite or graphene, EDX was employed and the composition for one spot on the tribofilm and one spot on the surface were examined as shown in Figure 6 . As observed, in the points with solid lubricant particles, 60 or 22 atomic percentage carbon existed while in another area of worn surfaces, there was no evidence of the presence of carbon. Hence, the graphite can exist in the tribo-interface by canola oil, implying that the solid lubricant formed physical deposition layers in several areas of the worn surface and decreased direct contact between mating surfaces. These results further indicate that graphene was better at decreasing the wear rate of the oil and showed better tribological properties. Figure 7 depicts the elemental mapping of carbon analysis for a sample surface tested with graphene. The map shows the concentration of carbon on the worn surface and indicates that traces of the element carbon existed on the surfaces in the presence of graphene into oil during the test, and that nanoparticles played a significant role in acting upon the tribological contacts. 
The SEM images of the worn surface exhibited the distribution of graphene and graphite particles on the rubbing surface, as shown in Figure 5 . The spots marked with red are graphite and graphene particles that formed a lubricant film. To confirm that these spots contain graphite or graphene, EDX was employed and the composition for one spot on the tribofilm and one spot on the surface were examined as shown in Figure 6 . As observed, in the points with solid lubricant particles, 60 or 22 atomic percentage carbon existed while in another area of worn surfaces, there was no evidence of the presence of carbon. Hence, the graphite can exist in the tribo-interface by canola oil, implying that the solid lubricant formed physical deposition layers in several areas of the worn surface and decreased direct contact between mating surfaces. These results further indicate that graphene was better at decreasing the wear rate of the oil and showed better tribological properties. Figure 7 depicts the elemental mapping of carbon analysis for a sample surface tested with graphene. The map shows the concentration of carbon on the worn surface and indicates that traces of the element carbon existed on the surfaces in the presence of graphene into oil during the test, and that nanoparticles played a significant role in acting upon the tribological contacts. Surface analysis showed that the worn surfaces in presence of graphene and graphite were smoother than neat oil, as shown in Figures 8 and 9 , respectively. It was found that the worn surface lubricated only by canola oil was rougher with many thick and deep grooves, but the worn surfaces lubricated by oil with graphene and graphite was comparably smoother and the grooves were shallower. In addition, adding 0.7% graphene and graphite made smother surfaces, as observed in the figures. There was a correlation between wear rate and roughness after the test. Hence, where the wear rate was low, the surface roughness was low. Figure 10 reveals that the surface roughness showed the same trend as that of wear rate. Surface analysis showed that the worn surfaces in presence of graphene and graphite were smoother than neat oil, as shown in Figures 8 and 9 , respectively. It was found that the worn surface lubricated only by canola oil was rougher with many thick and deep grooves, but the worn surfaces lubricated by oil with graphene and graphite was comparably smoother and the grooves were shallower. In addition, adding 0.7% graphene and graphite made smother surfaces, as observed in the figures. There was a correlation between wear rate and roughness after the test. Hence, where the wear rate was low, the surface roughness was low. Figure 10 reveals that the surface roughness showed the same trend as that of wear rate. Surface analysis showed that the worn surfaces in presence of graphene and graphite were smoother than neat oil, as shown in Figures 8 and 9 , respectively. It was found that the worn surface lubricated only by canola oil was rougher with many thick and deep grooves, but the worn surfaces lubricated by oil with graphene and graphite was comparably smoother and the grooves were shallower. In addition, adding 0.7% graphene and graphite made smother surfaces, as observed in the figures. There was a correlation between wear rate and roughness after the test. Hence, where the wear rate was low, the surface roughness was low. Figure 10 reveals that the surface roughness showed the same trend as that of wear rate. 
Conclusions
This study suggests that both friction and wear can be dramatically improved in the presence of a solid lubricant (graphite and graphene) as an oil additive for canola oil. The geometry of the graphene and graphite is planar, and can easily slide between the surfaces in the oil. The current investigation was able to achieve the best results for optimum concentration of graphene and graphite in the base oil. Further, an increase in concentration results in aggregation and coagulation of graphene, increasing the wear and friction between surfaces. The worn surfaces exhibited several spots of graphite and graphene that reduce the real contact area and tends to lower COF and wear rate. The worn surfaces were smoother in the presence of graphite and graphene due to lower wear rate. Generally, graphene is more effective than graphite to improve tribological properties because it is in the nano range and can easily penetrate between sliding surfaces. 
